The mechanism of hantavirus persistent infection in natural hosts is poorly understood due to a lack of laboratory animal models. Herein, we report that Syrian hamsters (Mesocricetus auratus) infected with Puumala virus (PUUV) at 4 weeks old show persistent infection without clinical symptoms for more than 2 months. IgG and IgM antibodies against the viral nucleocapsid protein and neutralizing antibody were first detectable at 14 days postinoculation (dpi) and maintained through 70 dpi. Viral RNA was first detected from 3 dpi in lungs and blood clots, and was detected in all tissues tested at 7 dpi. The viral RNA persisted for at least 70 days in the lungs, kidney, spleen, heart, and brain. The highest level of RNA copies was observed at 14 dpi in the lungs. Slight inflammatory reactions were observed in the lungs, adrenal glands, and brain. Immunohistochemical analysis revealed that PUUV antigen persisted until 56 dpi in the kidneys and adrenal glands. Infected hamsters showed no body weight loss or clinical signs. These results indicate that PUUV infection in hamsters is quite similar to the hantavirus infection of natural host rodents.
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Puumala virus infection in Syrian hamsters (Mesocricetus auratus)
o-phenylenediamine substrate with hydrogen peroxide was added, and the plates were incubated at 37°C for 30 min. The absorbance was measured at 450 nm, and the value for each serum sample was calculated by subtracting the absorbance of the well with uninfected Vero E6 cell lysate from that of the corresponding well with PUUV-infected cell lysate.
Focus reduction neutralization test (FRNT)
The neutralizing antibody was assessed by a focus reduction neutralization test.
Heat-inactivated (56°C, 30 min) serum samples from PUUV-infected hamsters were serially diluted in EMEM and then mixed with an equal volume of EMEM containing approximately 100 FFU of PUUV. This mixture was incubated at 37°C for 1 h, and then 50 μl of the mixture was added to confluent Vero E6 cells grown in 96-well plates. After 1 h of incubation at 37°C, the mixture was removed and the cells were overlaid with EMEM containing 1.5% carboxymethyl cellulose. After incubation at 37°C for 10 days, the overlay medium was removed and cells were washed with PBS. The cells were then fixed with methanol for 15 min at room temperature. The viral foci were stained with E5/G6 (0.5 μg/ml) and Alexa Fluor ® 555-conjugated anti-mouse IgG (1:1000; Invitrogen). The neutralizing antibody titer of each serum sample was determined as the reciprocal of the maximum dilution of the serum that reduced the number of foci by 80% or more as compared to the control samples.
N-ELISA
The 96-well plates were coated with 50 μl per well of MAb E5/G6 diluted to 2 μg/ml in PBS. After overnight incubation at 4°C, 200 μl of 3% BSA in PBS was added for blocking; the plates were incubated at 37°C for 1 h and then washed. After the addition of 50 μl of lung homogenates to each well, the plates were incubated at 37°C for 1 h. After washing the plates, After 1 h of incubation at 37°C and washing, 50 μl of peroxidase conjugated NeutrAvidin ™ diluted to 1 μg/ml with PBST was added and incubated at 37°C for 1 h. After washing, 100 μl of o-phenylenediamine substrate with hydrogen peroxide was added to each well. The plates were incubated at 37°C for 30 min and the absorbance was read at 450 nm.
RNA extraction
Total RNA was extracted from tissues (brain, heart, lung, liver, spleen, and kidney) using ISOGEN (Nippon Gene Co., Ltd., Tokyo, Japan) according to the manufacturer's protocol.
Extracted RNA was dissolved in 50 μl of deionized, diethylpyrocarbonate (DEPC)-treated water. RNA was then treated with DNase. The reaction for DNase treatment was carried out in a total volume of 50 μl containing 15 μg of RNA, 5 μl of 10× DNase buffer, 10 U of DNase I (Takara Bio Inc., Otsu, Japan), and 20 U of RNase Out ribonuclease inhibitor (Invitrogen). The mixtures were incubated at 37°C for 30 min. Total RNA was then purified by lithium chloride and dissolved in 30 μl of DEPC-treated water.
Reverse transcription (RT)
A 20-μl reaction mixture containing 5 μg of RNA, 0.75 μg of random primers, and 0.5 mM dNTP was incubated in a thermocycler at 70°C for 10 min, 25°C for 10 min, and chilled on ice for 3 min. After the addition of 10 μl of a mixture including 6 μl of 5× first-strand buffer, 10 μM DTT, and 200 U of Superscript ™ II reverse transcriptase (Invitrogen), the reactions were incubated at 42°C for 50 min and heated at 70°C for 15 min. Thereafter, the mixture was used as the cDNA sample.
Polymerase chain reaction (PCR)
The S segment of the PUUV genome was amplified by PCR in a 25-μl reaction mixture containing 1 μl of cDNA, 2.5 μl of 10× HIFI buffer, 2 mM MgSO 4 , 0.2 mM dNTP, 0.2 μM forward primer SotS172Fw (5'-CTG CAA GCC AGG CAA CAA ACA GTG TCA GCA-3'), 0.2 μM reverse primer SotS894Rv (5'-GTC TGC CAC ATG ATT TTT GTC AAG CAC ATC-3'), and 1.25 U of Platinum ® Taq DNA Polymerase High Fidelity (Invitrogen). Thermal cycling consisted of heating at 94°C for 2 min followed by 35 cycles at 94°C for 30 s, 60°C
for 30 s, and 68°C for 2 min. The amplified products were electrophoresed in a 1% agarose gel, stained with ethidium bromide, and examined for bands of the appropriate size. Similarly, the PCR products were further amplified using inner primers, SotS269Fw (5'-CTA AAC CTA CTG ACC CGA CTG G-3') and SotS707Rv (5'-GAC CCC CAT AAC TGG ACT CAT-3').
The incubation conditions for the secondary reaction consisted of heating at 94°C for 2 min and 35 cycles at 94°C for 30 s, 57.5°C for 30 s, and 68°C for 2 min.
Quantitative real-time PCR
Each cDNA sample from various organs of infected hamsters was tested in quadruplicate.
Each 25-μl reaction mixture contained 2.5 μl of cDNA, 12.5 μl of TaqMan ® Universal PCR Master Mix (Applied Biosystems, Carlsbad, CA, U.S.A.), 0.9 μM forward primer Sotkamo62Fw (5'-TCC AAG AGG ATA TAA CCC GCC AT-3'), 0.9 μM reverse primer Sotkamo257Rv (5'-TTC CTG GAC ACA GCA TCT GC-3'), and 0.2 μM fluorescent probe Sotkamo194 probe (5'-TGT CAG CAC TGG AGG A-3'). The probe was labeled with the reporter dye, 6-carboxyfluorescein (FAM) at the 5' end, and nonfluorescent quencher and minor groove enhancer (MGB) at the 3' end. PCR cycling conditions consisted of incubations at 50°C for 2 min and 95°C for 10 min, followed by 60 cycles at 95°C for 15 s and 60°C for 1 min.
Rodent GAPDH mRNA expression was also determined in each sample. Each 25-μl reaction mixture contained 2.5 μl of cDNA, 12. paraffin-embedded sections. Antigens were retrieved by hydrolytic autoclaving for 10 min at 121ºC in 10 mM sodium citrate-sodium chloride buffer (pH 6.0). Endogenous peroxidase activity was blocked by incubation in 1% hydrogen peroxide in methanol for 30 min. The first antibody was the monoclonal antibody E5/G6 (1 µg/ml, overnight at 4ºC).
Results
Body weight and clinical signs
To investigate whether PUUV causes disease in hamsters, we carefully observed clinical symptoms of the animals daily and measured their body weight. During the observation period, infected hamsters showed no signs of clinical illness or there is no difference between the transition of infected animals and that of uninfected animals (data not shown).
Antibody responses
To investigate the host response to PUUV infection, serum samples were collected at various time points from 3 to 70 dpi and analyzed for the presence of antibodies against PUUV by ELISA, IFA, and FRNT.
The serum levels of IgG and IgM antibodies against the viral N were measured by ELISA.
The IgG antibody was first detectable at 14 dpi, peaked at 42 or 56 dpi, and maintained until 70 dpi in both 4-and 8-week-old hamsters (Fig. 1A) . Little difference was observed between the IgG responses of hamsters inoculated at 4 and 8 weeks of age.
The IgM responses were also first detectable at 14 dpi from the sera of hamsters inoculated at 4 and 8 weeks old (Fig. 1B) . The IgM responses of the hamsters inoculated at 4 weeks old increased gradually and were detectable until the end of the observation period, whereas the hamsters inoculated at 8 weeks old maintained IgM responses at quite a low level.
The results of IFA became positive at 14 dpi in 4-and 8-week-old hamsters, with titers ranging from 1:16 to 1:1024 (Fig. 1C) . The IFA titers of hamsters inoculated at 4 weeks old increased greatly and reached the maximum level at 28 dpi, with titers ranging from 1:16384 to 1:32768. The IFA titers were maintained at the highest level for the next 4 weeks and declined at 70 dpi. In contrast, the IFA titers of hamsters inoculated at 8 weeks old reached the maximum level at 28 dpi with titers ranging from 1:128 to 1:8192 and were maintained at almost the same level until 70 dpi. The maximal titers of the hamsters inoculated at 8 weeks old were apparently lower level than those of 4-week-old hamsters.
Neutralizing antibodies were produced in both hamsters inoculated at 4 and 8 weeks old (Fig. 1D ). In the serum samples of hamsters inoculated at 4 weeks old, the neutralizing antibodies were not detected from 3 to 14 dpi, but were first detectable from 28 dpi and the antibody titer increased continuously. In the serum samples of hamsters inoculated at 8 weeks old, neutralizing antibodies were detected from 7 dpi and increased gradually, as those of the 4-week-old hamsters.
Viral load in organs and blood clots
To examine the PUUV distribution in the body, organ and blood samples were collected at 3 to 70 dpi, and the PUUV load in various organs and blood clots was measured by quantitative real-time PCR. For the samples of hamsters inoculated at 4 weeks old, viral RNA was detected in various organs and blood clots ( Fig. 2 and Table 1 ). In lung samples, viral RNA was detected from 3 dpi and peaked at 14 dpi with values ranging from 1.3 × 10 4 to 8.7
× 10 4 viral RNA copies/ng of GAPDH mRNA. Then the viral load declined gradually, but the viral RNA was maintained to 70 dpi. In kidney and spleen samples, high levels of viral RNA were also detected. Viral RNA was detected from 7 dpi and was maintained until the end of the observation period with values ranging from 9.5 × 10 Then the viral RNA levels declined quickly and became undetectable from 55 dpi. In heart samples, the viral RNA was detectable from 7 dpi and was maintained through 70 dpi with values ranging from 3.5 × 10 -1 to 5.5 × 10 1 viral RNA copies/ng of GAPDH mRNA, but the RNA levels were lower compared to those detected in other organs such as the lung, kidney, and spleen. In brain samples, the viral RNA was detected from 7 dpi and observed through 70 days, and showed a double-peaked pattern at 28 and 55 dpi with high levels around 1.0 × 10 4 viral RNA copies/ng of GAPDH mRNA. In blood clot samples, viral RNA was detected occasionally from 3 to 70 dpi, with values ranging from 2.5 × 10 -4 to 6.3 × 10 1 viral RNA copies/ng of GAPDH mRNA.
For the organ and blood samples of hamsters inoculated at 8 weeks old, the highest value of viral RNA was also detected in lung samples ( Fig. 3 and Table 2 ). The viral RNA in lungs was detected from 7 to 42 dpi, ranging from 3.0 × 10 -1 to 8.9 × 10 3 viral RNA copies/ng of GAPDH mRNA, and then became undetectable from 56 dpi. In kidney, spleen, liver, and heart samples, viral RNA was detected occasionally from 7 and 56 dpi. In brain samples, no viral RNA was detected at any time point of infection. No viral RNA was detected from saliva, urine, or feces (data not shown).
Antigen detection from lungs
Lung samples were analyzed for the presence of viral N. To estimate the cutoff value of N-ELISA, 20 samples of lung from uninfected hamsters were tested. A cutoff value of 0.6 was determined as the mean absorbance value of 20 uninfected hamster samples plus three times the standard deviation (data not shown).
Lungs of hamsters inoculated at 4 weeks old were tested (Table 1) . Only three of 20 samples showed absorbance values greater than 0.6; one sample was taken at 7 dpi and two samples at 14 dpi. The viral RNA levels of these N-positive samples were also high, with values ranging from 4.8 × 10 other samples were negative by N-ELISA.
Lungs of hamsters inoculated at 8 weeks old were also tested, but all samples were negative for hantavirus N (Table 2) .
Pathological studies
To reveal whether PUUV infection in hamsters causes pathological changes, and to determine cell tropism of viral antigens in organs, we examined the organs of PUUV-infected hamsters through pathological and histochemical analyses (Figs. 4-6 and Table 3 ).
Lung, kidney, spleen, liver, heart, brain, and adrenal gland were stained with hematoxylin and eosin for morphological study and with monoclonal antibody against hantaviral N to determine the presence of viral proteins.
Histopathological changes and hantavirus-specific staining were observed in some organs of hamsters inoculated at 4 weeks old. At 7 dpi, thickened alveolar wall was observed with very slight cellular infiltration of neutrophils and mononuclear cells (Fig. 4A) . Upon immunohistochemical analysis, viral antigens were localized in those pulmonary cells ( Fig.   4B ). At 14 dpi, cellular infiltrations including multinuclear giant cells were detected in the alveolar area (Fig. 4C) , and hantavirus antigen-positive cells were detected in these cells ( Fig.   4D ). At 28 and 56 dpi, no detectable histopathological changes and viral antigens were observed ( Fig. 4E and F) .
The kidneys of infected hamsters showed no clear histopathological changes. By immunohistochemical analysis, viral antigens were found in cells of the kidney medulla from 7 and 14 dpi ( Fig. 5A and B) . At 28 and 56 dpi, tubular epithelial cells and vascular endothelial cells of the renal pelvis were PUUV-positive ( Fig. 5C and D) .
In the adrenal glands, very slight vacuolar degeneration was observed in hantavirus antigen-positive cells in the adrenal cortex of the hamster at 7 dpi (Fig. 5E) . At 14 dpi, slight inflammatory infiltration and virus antigen-positive cells were observed in the adrenal cortex (Fig. 5F ). In adrenal glands at 28 and 56 dpi, degenerated cells were present and virus antigens were positive in the nuclei (data not shown).
At 7 dpi, histopathological changes were absent in the brain of infected hamsters. Also, hantavirus-specific staining was not observed in the brain. At 14 dpi, slight cell infiltrations with mononuclear cells and microglia were detected in the cortex of the cerebellum from one of the infected hamsters (Fig. 6A) . Upon immunohistochemical analysis, virus antigen was observed in degenerated Purkinje cells at 14 dpi (Fig. 6B) . At 28 dpi, slight cell infiltrations were seen in the third ventricle (Fig. 6C) , and ependymal cells were PUUV-positive (Fig.   6D ).
In addition to these organs, we also examined the spleens, livers, hearts, and cerebrums.
No histopathological changes or hantavirus-specific staining were found (data not shown).
In contrast to the organs of hamsters inoculated at 4 weeks old, those of hamsters inoculated at 8 weeks old showed no histopathological changes or hantavirus specific staining (data not shown).
Discussion
Although many researchers have reported experimental infections using various animal species with several hantaviruses, few reliable animal models of hantavirus infection exist. As a disease model for HCPS, a previous study showed that ANDV, a causative agent of HCPS in South America, causes a lethal disease in Syrian hamsters, of which the characteristics were very similar to HCPS in humans (Hooper et al., 2001) . Maporal virus, a South American hantavirus, also causes a disease in Syrian hamsters that resembles HCPS closely (Milazzo et al., 2002) . In addition, Cynomolgus macaques infected with PUUV, which causes a mild form of HFRS, has been reported as a disease model for HFRS (Klingström et al., 2002) . In contrast to the animal models of human infection, an animal model of persistent infection that mimics the infection of natural rodent reservoirs had not been established. To date, newborn animals infected with hantavirus experimentally were reported to show persistent infection (Araki et al., 2003; Compton et al., 2004; Kariwa et al., 1996; Tanishita et al., 1986 ).
However, maternal antibodies are believed to protect newborn animals from vertical transmission (Bernshtein et al., 1999; Borucki et al., 2000; Botten et al., 2002; Gavrilovskaya et al., 1990; Taruishi et al., 2008) . Therefore, in nature, hantavirus infection is believed to occur in adults. Herein, we report that PUUV in Syrian hamsters inoculated as subadults shows persistent infection that is similar to that in its principal rodent host, the bank vole (M.
glareolus).
In this study, we demonstrated that the organs of Syrian hamsters infected with PUUV at 4 weeks old contained a high amount of viral RNA that was maintained for at least 70 days.
Most organs showed the peak of viral RNA copies from 7 to 14 dpi followed by a gradual decline. In addition, the viral RNA was maintained for at least 70 days despite the existence of neutralizing antibodies. These data correspond well with the results of previous studies conducted on experimentally infected host rodents (Botten et al., 2000; Hutchinson et al., 1998) . Therefore, our findings suggest that PUUV in Syrian hamsters establishes persistent infection similar to that in the natural rodent reservoir.
For most individuals, the highest titer of viral RNA was detected in lung samples. In particular, lung samples at 7 and 14 dpi from hamsters inoculated at 4 weeks old contained high copies of viral RNA. By N-ELISA, the antigens were also detected in these samples.
These data suggest that the lung is a suitable site for viral replication. Additionally, kidney, spleen, and brain samples also showed high copy numbers of RNA. This virus distribution pattern resembles the results of studies on experimental infection with PUUV in M. glareolus Gavrilovskaya et al., 1990) . Recent study also showed that BCCV in experimentally infected in Sigmodon hispidus, the principal host of BCCV, causes pneumonitis and the severity of pneumonitis is dependent on inoculated dose as well as infection period (Billings et al., 2010) . Furthermore, some reports indicated that New World hantavirus in wild rodents causes pathological changes in tissues (Lyubsky et al., 1996; Netski et al., 1999) . Certain level of pathlogical change may occur in hantavirus infection in the natural host. Because histopathological studies on natural rodent hosts infected with hantavirus are scarce, analyzing in greater detail the pathology and cell tropism of hantavirus in wild rodents is necessary.
In this study, the modes of infection differed between hamsters inoculated at 4 and 8 weeks old. Infection at 4 weeks old showed high titers of viral RNA and continued through at least 70 dpi, whereas infection at 8 weeks old was transient. IgM of hamsters inoculated at 4 weeks old was induced persistently, but that of the 8-week-old hamsters was quite low. These data suggest that 4-week-old hamsters may allow more PUUV replication to stimulate the host immune system persistently compared to 8-week-old hamsters. Hamsters infected with other viruses also showed different modes of infection between 4 and 8 weeks old (Morrey et al., 2004; Xiao et al., 2001) . Therefore, the age at infection is probably an important factor in T. Sanada change and viral antigen were observed at 28 dpi (E) and 56 dpi (F). 
